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AnHOTammsi. B mpencraBieHHol  paboTe  pacCMOTPEHO  KOMIUIEKCHOE — B3aMMOJEHCTBHE — PE3LIOB
MHOT'03JIEMEHTHON CHCTEMBI «YENIOCTh — 3y0 — IIEPUOJIOHT — OMAJb — AEHTHH». Mojelb co3/jaHa Ha OCHOBE
TOMOTrpaMuecKiX CHUMKOB C YYETOM IpPEIbIIYIINX HCCICIOBAaHMN 3yOOUYETIOCTHOTO ammapara 4ejoBeka Ha
YIPOIIEHHOW MOJIENU ISt TpeX MOosipoB. Llenpio paboThl sIBIISieTCSl ONpeesieHne ¢ MOMOIIBI0 TPEXMEPHOTO
KOMIBIOTEPHOTO KOHEYHO-3JIEMEHTHOTO MOAETHPOBAHNUS HANPSHKEHHO-1e(hOPMUPOBAHHBIX COCTOSIHUI CHCTEMBI
«HEIOCTh — IIEPHOIOHT — 3y0 — NEHTHH» [T Pa3IMYHOTO KOJIMYECTBA PE3IOB U MX PACIOIOKEHUS. Pe3ynpTaTe
HCCIICIOBAHUS MTO3BOJISIOT MOMYyYUTH Oojiee TIONHYIO M TOYHYIO OIEHKY COCTOSHHS 3yOOUeNOCTHOTO ammapara
YeloBeKa B IEJIOM M KaXKIOTO €ro 3JeMEHTa B OTIENBHOCTH C IIENbI0 COBEPIICHCTBOBAHMS TEXHOJIOTHH U
METOJIOB IPOTE3UPOBAHUSI.
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Abstract. Complex interaction of incisors of the multi-element system “jaw — tooth — periodontium — enamel —
dentin” is considered in the present work. The model was created on the basis of tomographic images taking into
account previous studies of the human dental apparatus for a simplified model of three molars. The aim of the
work is to determine the stress-strain states of the “jaw — periodontium — tooth — dentin” system for a different
number of incisors and their location using three-dimensional computer finite-element modeling. The results
of the study allow obtaining a more complete and accurate assessment of the state of the human dentofacial
apparatus as a whole and each of its elements separately in order to improve the technologies and methods
of prosthetics.
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BBenenue

B pabore paccMOTpeHO B3aMMOJCHCTBHE PE3IIOB MHOTOXIEMEHTHONW CHCTEMBI «YEIFOCTH —
MIEPUOAOHT — 3yOBbI — SMaib — IEHTUH» IyTeM €€ MOJEIHMPOBAaHHS B MPOTPaMMHON cpene Ansys.
Panee ObuTu mMpoOBenEHBI MCCIACIOBAHUS JUIS MOJSIPOB JaHHOW CUCTEMBI [1], a Takke IS MOJISPOB
YIPOIICHHON MOJEIU CUCTEMBI «YEIFOCTh — 3y0 — MEPUOJIOHT — AMaIb — JeHTUH» [2]. XOTS B psne
paboT  TPOBENEHO  AHAJIWTHYECKOE W KOMIBIOTEPHOE  MOJEIMPOBAaHHWE  HANPSHKEHHO-
Ne(OPMUPOBAHHOTO COCTOSIHMSL OTHENBHBIX JJIEMEHTOB [3] CHCTeMbI, 3aja4ya OIICHKH HX
OTHOBPEMEHHBIX  KOHTaKTHBIX  B3aUMOACHCTBUII W  COOTBETCTBYIOUIETO  HAMPSDKEHHO-
neOpPMUPOBAHHOTO COCTOSIHHS OCTaeTcsi He [0 KOHIa pemleHHoi. lleapo paboTel sBIsETCS
OTIpE/IETICHHE C TOMOIIBI0 TPEXMEPHOTO KOMITBIOTEPHOTO KOHEYHO-3JIEMEHTHOTO MOJIETHPOBAHUS
YKa3aHHBIX COCTOSHHMM CHCTEMBI  «UENIOCTH — MEPUOJIOHT — 3y0 — ICHTHH»  JUJI  PA3JIMYHOTO
KOJIM4YECTBa 3y0OB U MX PACIIOIOKEHHS.

IHocTpoeHne KOHEYHO-3JIEMEHTHONH MOJeJHn

Jlns pacueToB OblIa HCIIONE30BaHA MOJICNb, TOJIYYCHHAs HA OCHOBE TOMOTpPa(UIECKHUX
CHUMKOB Uepera 4esioBeka. JlaHHas Mojenb BKIIOYaeT B ce0s 3JIEMEHTHI, HE YYaCTBOBABIIKC PaHEe
B WICCIIC/IOBAHNY, & NIMEHHO TMEPUOJIOHT U JCHTHH. DTO CYIIECTBEHHO NMPHUOIMKAET KOMIIBIOTEPHYIO
MOJIeTIb K PEaIbHOCTH, OJHOBPEMEHHO 3HAYUTEIhHO YCJIOXHSS Mpolecc (popMHUpPOBAaHUS MOJCIUA U
pacdera. OTIENBHO CIEIYEeT OTMETUTHh CJOXHOCTh IOCTPOCHHS TE€OMETPUYECKONH MOJCIU s
pacdeTa, OOYCIOBJICHHYIO, IIOMHMO ITOTPEITHOCTH ToMmorpada, HaIAYHEM OOJBIIIOT0 YHCIa
reoMeTpHUYECKUX apTe(akToB, a TakKe 0COOCHHOCTSIMH (hopMaTa UCXOJHBIX JAaHHBIX. HampsokeHHO-
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Je(OPMHUPOBAHHOE COCTOSTHHE MOJIENICH OINMpeNelsuioch Ui TPeX pa3iudHbIX HAO0OpOB 3y0OB, IS
KQXKJIOr0 M3 KOTOPBIX PacCMaTPUBAIUCh TPH YPOBHS HArpy3ku. B mpeaplaylieM HCCIeIOBaHUU
paccMaTpuBaiach TOJBKO OJIHA MOJIETh C TpeMsl YpOBHSAMH Harpy3ku [1, 2]. 3HaueHus BBIOpaHHBIX
BEJIMYMH HArpy3KHd COOTBETCTBYIOT pEAITBbHBIM 3HAYCHUSM, BO3HUKAIONIMM B 3y0OYEIIOCTHOM
anmapate. TakuM 00pa3oM, B COOTBETCTBHH C JaHHBIMH U3 paboT [1-6] paccMaTpuBauCch TpHU CITydas
Harpy>KEHUs, XapaKTEePHBIX JUIS OCHOBHBIX PEKUMOB IKCBAHWS: HE3HAUUTEIbHAs Harpyska,
skuBasieHTHAs 150 H/3y0, ycpemnennoe 3Hauenue B 300 H/3y0, Bo3HUKaroIIee Y YeIOBEKa B TIPOIECCE
mpueMa IHIKM, W Harpys3ka, OJu3Kas K KpUTHYEeCKOH, skBuBajicHTHas 450 H/3y0. Pesyibrarh
MOJICTTUPOBaHUSI IIPEJICTABICHBI HA pHC. 2—5.

[epBoit U3 yKa3aHHBIX BBIIIIE CIy4YaeB PelIaiach 3a/1a4a JUIsi MOJICNTU «YEIFOCTH — MEPUOJIOHT —
eCTh 3y00B — IEHTHH», B KOTOPOH OBUIO TO TpH 3y0a B KaKmo yemrocTu (cM. puc. 1). Jlannras
MOJieh cTana 0a30H s AambHEHINero CpaBHUTENBHOTO aHamu3a. J[Ba qpyrux cirydas OTJIUYaInch OT
HCXOJHOTO KOJIMYECTBOM 3yOOB, HAXOMASIIUXCS B KOHTakTe. Bo BTOpOM ciydyae W3 MOJEIH OBLT
yAaJeH CPeJHUI U3 TpeX 3yOOB HMKHEH UENOCTH JUISl OIEHKH COCTOSIHUSI IOCIIE COOTBETCTBYIONICH
omeparuu. B Tperbem ciydae W3 Mojenu ObUT yAalieH OJWH W3 KpailHMX 3y0OB, Ha KOTOPBIi
OKa3bIBAIOCh HamOOIbIlee JaBieHHE. Bo BCEX YKa3aHHBIX ClydasX YYUTBHIBAJIOCH TPEHUE MEXKIY
3ybamu JByX uemtocteil. Kpome Toro, OblT Mpou3BeeH OTACTBHBIN pacyeT A OICHKH BKIIaJa CHII
TpeHHsI MEXTy 3y0amMu, Tak KaK y4eT JaHHBIX CHJI CYIICCTBEHHO YBEIHYUBACT BpEMs pacyera.

ﬁh ‘ E)(

Puc. 1. Cxema pacuera U rpaHUYHbIE YCIOBUS: @ — OTPaHWYCHHE [IepeMeeHHs BEPXHEH 4e0CTH 10 BCeM
HaIpaBJICHUsIM; b — OTpaHUYCHHUE IIEPEMEILCHNS HIDKHEH YeIIOCTH 10 OCAM X | ; ¢ — CHJIa [, IpHITOKEeHHAS
K HIDKHEH YeJIFOCTH M COHAIPABJIEHHAs C OCBIO Z
Fig. 1. Calculation scheme and boundary conditions of the model: a is the restriction of movement of the upper
jaw in all directions, b is the restriction of movement of the lower jaw along x and y axes; c is force F, applied to
the lower jaw and directed along z axis

B 30Hax KOHTaKTa >KeBaTEIbHBIX MOBEPXHOCTEH 3yOOB OXHJAIOCH MOSIBICHHE HAHOOIBITIX
3HAYCHUI HANpsHKEHHH W WX pPE3Koe UW3MEHEHHe (3aTyxXaHuWe) MpH YAAJCHHH OT TOYeK
MEePBOHAYANILHOTO KOHTakTa. [103TOMY mpu mocTpoeHMu MojieNiell B JaHHBIX 001acTaX OBUTO 3a/1aHO
0oJjiee TUTOTHOE KOHEYHO-IJIEMEHTHOE pa30umeHue il Oojiee TOYHOTO pacueTa HamNpsKCHHO-
neopMUPOBAaHHOE COCTOSHHUS. DJIEMEHTBI CHUCTEMBI (3yOBI, YEIIOCTH) CaMH II0 ceOe SBIIIOTCS
MHOTOKOMITOHCHTHBIME (YEITFOCTh — IEPUOJIOHT, 3y0 — 3Maib — JICHTUH). Iyl Kaxa0H U3 KOMIIOHEHT
paccMaTpUBAIMCH COOTBETCTBYIOIINE YCPEAHEHHBIC YIIPYTHe XapakTepuctuku (cm. tabm. 1) [7, 8].

Ta6auua 1. Mexannueckre XapakTepUCTUKH SJIEMEHTOB MOJIETH
Table 1. Mechanical property of model elements

Marepuan / CBOWCTBO Mopuyns ynpyroctu E, [la | Koadpduuument | ITnotHocTs p, Kr/m™>
Material / Property Modulus of elasticity Ilyaccona v Density
Poisson's ratio
Omansb (Enamel) 8,41-101° 0,3 3000
Hentun (Dentin) 1,86-10!° 0,31 2200
Koctu uenmoctu (Jaw Bone) 1,2:10!° 0,25 2060
Txanu nepuomonTa (Periodontal tissue) 1,4:10° 0,15 1360

JIst cCHCTEMBI «YEeIIOCTh — TIEPUOJIOHT — 3y0 — DMaIb — JICHTUH)» PACCMATPUBAIUCH CIICAYIOIINE
rpaHUYHBIE yCIIOBUS (pHC. 1):
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1) paBHOMEpHO pacmpe/esneHHas Harpy3ka, CTaTHYECKH SKBHBaJeHTHas cuie F, = 150, 300,
450 H u npuno>xeHHasi K HUKHEH 4eII0CTH 10 HAIIPaBICHUIO OCH Z;

2) orpaHUYeHHE MTEPEMEIICHNH KOCTH HIYKHEH YETIFOCTH IO OCSIM X U );

3) orpaHnyeHHE MEPEMEIICHNH KOCTH BEpXHEH YEIIOCTH BO BCEX HAIIPABIICHUSX.

Harpy3ku s paccMaTprBaeMoil MoJienu ObLIM B3STHI U3 paHee OMyOIMKOBAHHBIX HAYYHBIX
pabot [6-9]. KoadduiueHT TpeHHs >KeBaTENbHBIX IMOBEPXHOCTEH 3yO0O0B ObuLT B3AT U3 [7, 8] u
B JaHHOH Mozenu paseH 0,2.

KonTakTHOE B3auMoaeiicTBUE U Haﬂpﬂ)KeHHO-I[eq)OpMHpOBaHHOC COCTOSIHUC

Kak BunHO u3 puc. 2-4, MakcuMasbHble 3HAUCHUS KOHTAKTHOI'O AABJIEHUS U MHTEHCUBHOCTHU
HanpsDKEHUS] BOSHUKAIOT B MECTAaX KOHTAKTOB XEBATCJIBHBIX IOBEPXHOCTEH 3y0OB, a Takke B HX
KopHsX. CX0Kui XapakTep UMEIOT U PACIpPeAEICHUs IEPBbIX ITIaBHBIX HANIPSDKECHUH.

Crnenyer OTMETUTb, UTO KaK 10, TaK U IOCJIE HArpy>KEHUs CTOSILUE [10 COCEACTBY PE3Lbl HE
KOHTaKTUPOBAJIU JIPYT C IpyroMm (B ominuue oT MoysipoB [1, 2]). BsaumoneiictBue 3y0oB uenrocteit
MPOUCXOIUT 1O 4 (14 mectr 3y00B) — 2 (115 mATH 3yO0B) MOBEPXHOCTSIM KOHTaKTa (CM. puc. 3).

Jns makcumanbHOM Harpy3ku B 450 H xoHTakTHOE maBiieHHE TPH yJANEHWH CPEIXHEro
(xkpaiiHero) 3y0a BcieACTBUE NepepaclpeseieHus] Harpy3kd Ha OCTaBIIMEcS 3YObl yBEITMYMIIOCH
¢ 2,57 mo 3,73 (4,65) I'lla. Ilpu yyere TpeHHs MEXIy 3yO0aMu KOHTAaKTHOE JABJICHHE OKa3alloCh
3Ha4YHTENHHO OobimM (2,57 I'Tla), uem npu rnankom konrakre (1,8 I'Tla).

IIpn ymaneHum cpenHero m3 Tpex 3yO0OB HWKHEW YeNOCTH HHTEHCHUBHOCTH HANPSIKEHHH
yBenmumwnuck ¢ 0,7 I['Tla go 1,25 I'Tla, a mpu ynaneHuu KpaifHero 3y0a HIDKHEH YeNIOCTH — 0
1,31 I'TIa, 1. €. moutu B ABa pa3a (cM. puc. 4).

CpaBuenne puc. 4 a, e u 4 d, h OKa3pIBaeT 3HAYUTEIHHOE BIHUSAHUE CHIIBI TPEHUS MEXKIY
3y0aMu Ha HalpsbKeHHO-AE(OPMUPOBAHHOE COCTOSHUE cHCTeMbl. llpeHeOpekeHHue HaHHBIM
3¢ PeKTOM MpHUBENO K 3HAYUTEIHHON HENOOICHKE MaKCHMalbHOW WHTEHCHMBHOCTU HAaIPSHKCHUH,
cocrapusieii 0,17 I'Tla mpotus 0,7 I'Tla ¢ yueTom Tpenus (cM. puc. 5).

I 7.0836e8 Max 1,253e9 Max

8,8614e7 1,6188e8
1,1085e7 2,0914e7
1,3867eb 2.702e6
= 1,7348e5 3,4908e5
= 217 45100
27438 5826.7
339,61 752,78
42,484 97.255
53746 12,565
0,66484 16233
0,083169 0,20973
0,070404 0,027096
0,0013015 0,0035006

0,00016282 Min 0,00045226 Min

1,3148e9 Max
1,5724e8
1,8805e7

1.733e8 Max
2,3274e7
3,1258e6

2,249e6 4,1979e5
2,6896e5 56379
32166 75717
3846,8 10169
460,05 136,57
55,018 18,341
6,5798 24632
0,78689 0,33081
0,094107 0,044429
0,011254 0,0059668
0,001346 0,00080134
0,00016097 Min 0,00010762 Min

Puc. 2. IatencuBHoCTh Hanpspkenuit (I1a) mpu marpyske 450 H: a — ucxomnast Mozes; b — moaens 6e3 cpeaHero
3y0a HIKHEH YeITIOCTH; ¢ — MOJIeIIb 0e3 KpaliHero 3y0a ¢ HauOOJIbIINM JaBICHUEM; d — MOJIENTb 0€3 yueTa CHIT TPCHUS
Fig. 2. Von Mises stress (Pa) at the load of 450 N: a — initial model; b — model without the middle tooth of the
lower jaw; ¢ — model without the extreme tooth with the highest pressure; d — model without friction forces
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Puc. 3. KonraktHoe naeienue (I1a) Ha xeBaTeIbHBIX TIOBEPXHOCTIX 3y00B mpu Harpyske 450 H:
a — HWKHSISI YSITFOCTh C YYETOM CHJI TPEHUST; b — HIDKHSS YCIIOCTh C yIAICHHBIM CPEIHUM 3y00M; ¢ — HIDKHSIS
YeIOCTh C YJAJICHHBIM KpaifHUM 3y00M; d — HIDKHSISL YENTIOCTh 0€3 ydeTa CUIl TPEHUSI; € — BEPXHsIsl YeI0CTh
C Y4ETOM CHIJI TPEHUSI; f — BEPXHSIsl YEIIOCTh C Y/IaJCHHBIM CPEIHUM 3y0OOM; g — BEPXHSIS YEIIOCTh C Y/IaJICHHBIM

KpalHUM 3y0oM; /1 — BEpXHsisl YeTIOCTh O€3 yueTa CHJI TPEeHHS

Fig. 3. Contact pressure (Pa) on the chewing surfaces of teeth at a load of 450 H: a — lower jaw with friction
forces; b — lower jaw with the middle tooth removed; ¢ — lower jaw with the extreme tooth removed,
d — lower jaw without friction forces; e — upper jaw with friction forces; f— upper jaw with the middle tooth
removed; g — upper jaw with the extreme tooth removed; # — upper jaw without friction forces
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Puc. 4. nreacuBHocTh HanpspkeHwi (I1a) mpu marpyske 450 H: a — HIOKHSA 9eTIOCTD C YIETOM CHII TPEHHUS,
b — HIDKHSIA YeIIOCTh ¢ YIaJICHHBIM CPEIHUM 3y0OM; ¢ — HIDKHSSL YEJIIOCTh C YAAJICHHBIM KpaifHUM 3yO0oM;
d — HIDKHSISL 4eITIOCTh 0e3 ydeTa CHIJI TPEHHS; e — BEPXHSA YETIOCTh C Y4eTOM CHII TPEHUS; / — BEPXHIS YeIIIOCTh
C yaJICHHBIM CPEIHUM 3yOOM; g — BEPXHSS YENIIOCTh C YAAJICHHBIM KpailHUM 3yOOM; /1 — BEpXHSS YeIIIOCTh

Fig. 4. Von Mises stress (Pa) at a load of 450 H: a — lower jaw with friction forces; b —
middle tooth removed; ¢ — lower jaw with removed extreme tooth; d —

0e3 ydera CHUi TPeHUS
lower jaw with the

lower jaw without friction forces; e —

upper jaw with friction forces; f'— upper jaw with the middle tooth removed; g — upper jaw with with the middle
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tooth removed; 4 — upper jaw without friction forces
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Puc. 5. UntencuBHocTh HanpsbkeHuit, ['Tla
Fig. 5. The intensity of the stress, GPa
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3akiouenue

B xone BeimonmHeHus: paboOTH ObUIA MOCTPOCHA MEXAaHMKO-MaTeMaTHUeCKash MOAEb y4acTKa
3y0OUYeTIOCTHOTO — ammapaTa 4YeJOBeKa  «YENIOCTH — HEPUOJOHT — 3yObl — SMallb — ICHTHH», Ha
puMepe KOTOpOH OBUT pacCMOTPEH Ciydall KOHTAKTHOTO B3aMMOJICHCTBHS BCEX €€ DJIEMCHTOB B
YCIOBUSAX pPAa3MYHBIX Harpy30K. PacueTsl NpOBOAWIMCH S KOHEYHO-IJIEMEHTHOW MOZIENH
3y004eNoCTHOTO afmapara, MOCTPOCHHON Ha OCHOBE TOMOTpa()UYEeCKHX CHHUMKOB B IPOTPAMMHOI
cpene Ansys. CremyeT OTMETHTb, 4YTO 3ajada ONpEAETICHUS HampsLKEHHO-IeQOPMUPOBAHHOTO
COCTOSIHUSI [UIs1 KOHTAKTHOTO B3aMMO/JICHCTBHUS pE3LOB-aHTATOHUCTOB PaHee HE PEeIaach.

BrImonHeH cpaBHHUTENBHBIN aHAIW3 KOHTAKTHOTO JIABICHHUS M WHTCHCUBHOCTH HANPSKCHHMA
B 3yOOUYETIOCTHOM ammapare B ciydae yJaleHHs OTACTbHBIX 3y0OB (CpEIHEro U KpailHero B HIDKHEH
YEIOCTH) TIPH CKATUHM denmocTed. [lokazano, uTo, HampuMep, I MakCUManbHOW Harpys3kum 450 H
KOHTaKTHOE JaBJICHHWE TPH YIAJIEHWH CpeqHero (KpaiHero) 3y0a BCIeACTBHE TepepachpeneneHus
Harpy3KH Ha ocTaBIIxecs 3yObl yBenuumioch ¢ 2,57 1o 3,73 (4,65) I'Tla. Ilpu ydere Tpenus mexmy
3y0aMu KOHTAaKTHOE [aBJICHHE OKa3ajoCh 3HAUMTeNbHO Oonbmum (2,57 I'Tla), yem mpu riaaakom
koHtakte (1,8 I'Tla). [lpu ymanenum cpenHero U3 Tpex 3yOOB HIDKHEH YENIOCTH MHTEHCHUBHOCTD
HanpspkeHul ypemmumiuch ¢ 0,7 mo 1,25 I'Tla, a mpu ymaneHun KpaiiHero 3y0a HIDKHEW JeTioCTH —
mo 1,31 I'Tla, T. e. moutn B 11Ba pasa. IlorydeHHBIE PE3yIbTaThl CONIOCTABUMBI C TIOTYYCHHBIMH paHee
JUTSL  YIIPOIICHHBIX Mojene [2-6]. Kpome Toro, oOHapykeHO, 4YTO HaIpsDKCHHS, BBI3BAHHEIC
KPUTHYECKOH BennmunHO# Harpysku (450 H), MakcumanbHO MPHONMKEHBI K MIPeeIbHbBIM 3HAYCHUSAM
COOTBETCTBYIOIIUX MaTepHajioB, B 0OCOOEHHOCTU MOCJIE yJaJeHHs OIHOIO 3JIeMeHTa. Tak, B MOJAEIH
C YOAJICHHBIM CpPEJHUM 3yO0OM MaKCHUMAalIbHbIC HamNpspDKeHHWs B sMmanu cocraBwim 3,78 ['Tla mpm
npeaene mpouHoctu, pasBHoMm 3,85 [Tla [10], 9TO CBHIETEIHCTBYET O BBICOKOW 3aBUCHMOCTH
MaKCHMAIbHBIX HAPSHKEHUH OT LEITOCTHOCTH 3y0OUENIIOCTHOTO arapara.

B  nampHedimiem  OyayT —TOpoBeneHBI  Oojiee  NCTANBHBIA  aHANW3  HANPSDKCHHO-
ne(OpPMUPOBAHHOTO COCTOSIHUSI CHUCTEMBI W OLEHKAa COCTOSHUS OOBEMHOH IOBPEXKIAEMOCTH,
Ha OCHOBE KOTOPBIX MOTYT OBITh C(OPMYIHPOBaHBI COOTBETCTBYIOIIME PEKOMEHIAIMU IS
OIIEPaTUBHOT'O BMEIIATEIILCTBA, BKIIOUYAs MPOTE3UPOBAHUE.
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